The recent advance of technologies enables us to trace the cell fate in vivo by marking the cells that express the gene of interest or by barcoding them at a single cell level. Various tamoxifen-inducible Cre-recombinase mice combined with Rosa-floxed lines are utilized. In this review, with the results revealed by lineage tracing assays, we re-visit the long-standing debate for the origin of hematopoietic stem cells in the mouse embryo, and introduce the view of native hematopoiesis, and possible leukemic-initiating cells emerged during fetal stages.
Introduction
The hematopoietic stem cells (HSCs) in the bone marrow (BM) are providing all types of blood cells throughout life by their self-renewal and multilineage differentiation abilities. Searching for the temporal and spatial origin of HSCs during ontogeny has long been a focus of research in the field of developmental hematology. Because HSCs are defined only by transplantation assay as long-term (more than 6 months) multilineage repopulating cells, embryonic tissues at various stage of embryos were transplanted into lethally irradiated adult mice. The first HSCs detectable by transplantation assays are found at embryonic day (E) 10-11 in the aorta-gonad-mesonephros (AGM) region of the mouse embryo [1, 2] . However, prior to E10, many hematopoietic activities are first observed in the extra-embryonic yolk sac (YS) from E7.5, such as primitive hematopoiesis including the production of primitive erythrocytes, megakaryocytes, and macrophages [3] . In the adult HSCs, all blood cells are considered to be products of HSCs; therefore, it was assumed that there should be a stem cell potential prior to E10, which was not detectable by direct transplantation assays. To examine the HSC potential, various organ cultures and co-cultures with stromal cells have been performed. The lymphoid potential was measured as one of HSC potential, with both YS and paraaortic splanchnopleural (P-Sp) region [4] [5] [6] [7] [8] [9] . Cumano et al. reported a lymphoid repopulating ability of P-Sp cells at a pre-circulation stage after organ culture [4] , while Matsuoka et al. showed multilineage repopulating ability of E8.5 YS after co-culture with AGM-derived stromal cells [10] . More recently, Medvinsky's group identified precursors of HSCs that express VE-cadherin and c-kit in the AGM region at E10.5, and that obtain HSC activity only after aggregation culture with OP9 [11, 12] . Same results were confirmed by different groups using Delta-like 1 expressing OP9 [13] or Akt-expressing AGM-derived endothelial cell lines [14] . Weissman reported that YS has HSC activity once it was transplanted into fetus intrauterinally [15] . Yoder et al. used neonatal mice as recipients and showed E9 YS and P-Sp cells repopulated neonatal mice [16] . All these results came from different co-culture systems and different recipient environments [17] (adult vs. neonates/embryos) thus showing a limitation of assays.
To avoid in vitro culture and transplantation assays to evaluate fundamental hematopoietic characteristics, lineage tracing studies have been developed. Cre-recombinant gene is inserted after a promoter region of the gene of interest, and by crossing them with mice carrying a fluorescent protein floxed allele, cells expressing the gene turn into positive for the fluorescent, thus one can trace the progeny of the cells that have expressed the gene of interest before (Fig. 1) . Even labeling of cells at a specific time point is enabled by combining with estrogen receptor-induced Cre-system. By injecting tamoxifen at one time point, the cells expressing a gene of interest is labeled at that time. Utilizing this lineage tracing system, YS potential to produce adult HSCs has been demonstrated, revisiting the long-lasting debate of the origin of HSCs in the mouse embryo.
In this review, we introduce key literature that demonstrates the HSC potential in the YS and AGM region by lineage tracing system, and also introduce some models to examine HSC multipotency and clonality in adult mice. Finally, we will consider the possible fetal origin of leukemia utilizing lineage tracing models.
Endothelial origin of hematopoietic cells in the embryo
The concept of the endothelial origin of hematopoietic cells during ontogeny has been proposed based on the observation that blood cells looked like "budding" from the endothelial wall of the dorsal aorta [18] . Runx1 is a critical transcriptional factor for definitive hematopoiesis, and its knockout embryos display lack of definitive hematopoiesis including the hematopoietic stem cells and diminishment of blood cell "budding" in the dorsal aorta. This observation led a hypothesis that the blood cell budding seen in the dorsal aorta (which expresses runx1) contains HSCs and represents an endothelial-hematopoietic transition (EHT). The concept of blood-forming endothelial cells (named hemogenic endothelial cells: HECs) were also proved by in vitro co-culture with stromal cells where B-and T-cells were produced by sorted endothelial cells from YS and/or P-Sp [8, 9, 18] . To prove this concept in vivo, endothelial-lineage tracing mouse has been developed. The VE-cadherin (VE-cad) is expressed almost exclusively in the conceptus vasculature except for the heart and a brief detection in the mesoderm of yolk sac at E7.5 [19] . Zovein et al. crossed VE-cad Cre-transgenic mice with Rosa26R (R26)-Lacz reporter line so that VE-cad progeny became Lacz positive and demonstrated the endothelial origin of definitive HSCs that persist into adult life [20] . Using tamoxifen-inducible VE-cad Cre mice which label VE-cad+ expressing cells as YFP+ permanently at a time of tamoxifen injection, they also proved the point that the intra-aortic clusters ("budding cells" from endothelial cells) marked at E10.5-11.5 are the ancestor of all blood lineages including HSCs in the adult BM.
AGM-derived HSCs
Following the report of VE-cad lineage tracing study above, Chen et al. further asked a question about a role of Runx1 expressed in the HEC [21] . First, they generated VE-cad Cre: R26R-YFP line to trace VE-cad+ cells and confirmed that VE-cad+ cells produced all blood cells in the E15 fetal liver and adult BM. Next, they deleted the Runx1 gene in VE-cad+ cells by generating VE-cad Cre: runx1 flox/flox mice. Runx1 deletion specifically in the VE-cad+ endothelial cells induced diminishment of colony-forming cells, c-kit positive cells, intra-aortic clusters, and HSCs. Importantly, hematopoietic specific deletion (Vav-Cre) of runx1 did not affect the emergence of colony-forming cells and HSCs. Thus, utilizing the lineage tracing model and lineage-specific runx1 deletion, Chen et al. showed HSCs are derived from VEcad+ endothelial cells, and runx1 is essential for endothelial-hematopoietic transition, but not thereafter.
However, one caveat is that these reports do not define the role of HECs specifically in the AGM region, but instead define all HECs in YS, placenta, and vitelline arteries in addition to AGM. In this sense, there are no lineage tracing reports that prove the AGM region as a specific HSC origin. Time-lapse imaging utilizing the Ly6A (Sca-1) reporter mice revealed the emergence of GFP+ Sca-1+ cells (assuming HSCs) from the endothelial cells in the dorsal aorta [22] , but this did not necessarily mean the emergence of functional HSCs.
YS-derived HSCs
YS is the first site to produce hematopoietic cells in the embryo, thus had traditionally been considered to be a place to produce HSCs until the detection of the first adult repopulating HSCs in the AGM region at E10.5. Since then, even though YS possesses abundant colony-forming units (erythro-myeloid progenitors) and T and B lymphoid potentials, YS often shows less engraftment ability in recipient mice; therefore, YS is disregarded as a site of HSC production in many recent pieces of literature. After a long-standing debate about the origin of HSC, YS vs. AGM region, Nishikawa and Samokhvalov group developed a fascinating mouse model to detect the origin of HSCs in the embryo by lineage tracing and demonstrated that YS cells at E7.5 contributed to adult HSCs [23] .
Samokhvalov et al. produced a knock-in mouse containing the tamoxifen-inducible MER-Cre-MER gene inserted under the control of the Runx1 locus. The authors crossed heterozygous runx1
Mer−Cre−Mer mice with Rosa26-lacZ or Rosa26-eYFP lines. This system enables them to trace the progeny of runx1 expressing cells at a specific time point temporally and spatially (Fig. 1b) . First, the authors confirmed that runx1 positive cells at E7.5-8.25 were restricted to YS; thus the progeny of E7.5 runx1 positive cells were considered to be YS-derived. By tamoxifen injection at E7.5, YFP+ cells were detected among the cKit+ Ter119+ definitive erythroid progenitors, myeloid cells, CD34+ c-kit+ HSC/HPCs in the fetal liver at E12.5, as well as erythro-myeloid and lymphoid lineages in the fetal liver and thymus at E16.5. Post-natal analysis revealed the persistence of YS-derived cells in the adult peripheral blood and the BM, including in the CD34-KSL HSC population, up to 12 months. In addition, they showed E7.5 labeled β-gal+ intra-aortic clusters at E10.5 and umbilical arteries and veins at E11.5, suggesting that YS runx1+ cells at E7.5 may have migrated to the AGM and other vessel regions and contributed to a part of HSCs.
Subsequently, with the notion above that HSCs produced in the AGM region may ultimately be derived from E7.5 YS runx1+ cells, Samokhvalov's group developed "rescue" tracing system that determines which day of runx1 expression is indispensable for the HSC production in vivo [24] . In their system, Tamoxifen injections at E6.5 and E7.5 efficiently rescued runx1-null phenotype in embryos or newborns (80-100%) while recombination at later stages (E8.0, E8.5, E9.5, or E10.5) failed to prevent severe hemorrhage and fetal liver anemia in embryos. Also, E16.5 fetal liver HSCs rescued at E7.5 were able to long-term engraftment after transplantation. Thus, although runx1 is known to be critical for HSC emergence at E10.5, runx1 expression at E7.5 is indispensable than at E10.5 for the HSC generation. Taken together, the authors proposed that runx1 expressing cells in extra-embryonic mesoderm at E7.5 are the ontogenic source of HSC precursors that become adult HSCs in a later stage of embryos.
These papers by the Nishikawa and Samokhvalov group were the first to reveal the extra-embryonic cell contribution to long-term adult hematopoiesis, previously hidden in transplantation assays, by non-invasive lineage tracing analysis.
One of the confounding factors that prevents the research for the HSC origin in the mouse embryo is a circulation that may mix cells from different origins that share many surface markers and gene expressions. Therefore, genes and markers that are specifically expressed in either YS or P-Sp/AGM have been sought for, and Lyve-1 is exclusively expressed in the YS endothelium until E10.5 while only minimum expression was detected in placenta and embryo vessels [25, 26] . Utilizing Lyve-1 Cre model, Mikkola's group demonstrated that up to 40% of HSCs in the fetal liver and adult BM were YS-derived [27] . In addition, analysis of heartbeat-deficient Ncx1−/− embryos confirmed that YS was the primary source of Lyve1+ cells. One caveat is that the degree of the contribution of minimum Lyve-1+ cells in the AGM region and placenta to adult hematopoiesis is still unknown.
Taken together, it seems that Runx1+ cells at E7.5 extraembryonic mesoderm are essential precursors of HSCs, but it is still unknown how much AGM-derived ECs contribute to HSC in the adult BM, while YS is estimated to contribute up to 40-50% [27] , although AGM cells at E10-11 engraft in the recipient mice upon transplantation. It would be reasonable to consider that all ECs in YS, AGM, vitelline arteries and placenta produce HSC precursors and HSCs at various time points in vivo.
Studies on HSC-derived hematopoiesis by barcoding and lineage tracing in adult mice
Once HSCs seed the BM around birth, HSC-derived hierarchical hematopoiesis establishes. In the post-natal BM, LT-HSC has been purified at a single cell level, as lin−Sca1+c-kit+CD135−CD34−CD150+CD48−EPCR+ proved by transplantation assays [28, 29] . However, the conditioning before transplantation such as irradiation destroys the BM environment and normal hematopoiesis in steady state. To understand the dynamics of native hematopoiesis, Camargo's group developed a cell-marking system at single cell level by a doxycycline-inducible transposon (Tn)-random integration [30] . In this system, after doxycycline injection, the Tn integrates elsewhere with Ds-Red reporter-on, so that Ds-Red positive cells can be identified their clonality by PCR and sequencing of their Tn integration sites. With this powerful system, the authors revealed the unexpected smaller contribution of LT-HSCs to steady-state hematopoiesis in vivo, such as only 5% of LT-HSC clones shared with mature blood cells and only less than 5% of LT-HSC clones shared with MPPs. They have recently updated this system and demonstrated that megakaryocyte clones were not shared with other lineages in the PB, but were shared exclusively with LT-HSCs in the BM. This indicates that megakaryocytes are an immediate progeny of LT-HSCs and compatible with reports that megakaryocyte-biased HSCs [31] .
Another fascinating report has come out developing polylox barcoding system [32] . Rodewald's group generated polylox cassettes composed of ten loxP sites that yield several hundred thousand barcodes by random incomplete recombination and inversions. Combining with Tie2
Mer−Cre−Mer mice, they successfully induced polylox barcoding in HSC precursors at the embryonic stage and demonstrated that adult BM HSCs contain many clones derived from embryonic precursors. The clonal correlation between erythrocyte and myeloid lineages, and T and B lymphocytes supported the concept of the traditional hematopoietic tree that segregates erythro-myeloid progenitors from common lymphoid progenitors. Importantly, B-1a cells that are considered to be fetal-derived and that could before HSC-independent lineage are clearly separated from other lymphocyte subsets.
Another strategy of HSC lineage tracing is specifically labeling LT-HSC. Based on the results of single cell RNA sequencings of LT-HSCs, genes such as Fgd5 [33] , Pdzk1ip1 [34] , Krt18 [35] , and Krt7 [36] have been utilized. Sawai et al. showed Pdzk1ip1 was expressed exclusively in BM LT-HSC, and Pdzk1ipCreER mice marked LT-HSCs after three sequential day tamoxifen injections [34] . Tomato + mature blood cells appeared at 60% of each lineage by 36 weeks, and as expected, fetal-derived immune cells such as B-1a cells and brain macrophages were not labeled very well (< 5%). Thus, HSC-specific lineage tracing system enabled to show the differentiation kinetics of HSC progeny and supported the presence of HSC-independent immune cells.
Prenatal leukemia-initiating cells using lineage tracing study
The recent development of whole genome sequencing revolutionized to depict the multi-step progressions of leukemia in an individual patient, where just simple sequential peripheral blood sampling gives us detailed information from clonal hematopoiesis to aggressive populations having several clonal evolutions [37, 38] . Also clarifying leukemia stem cell (LSC)/initiating cell (LIC) has been widely investigated using a wide variety of leukemia model or patient samples, which has turned out that immature progenitor cells (MPP or c-Kit+ cells) are shown to be LIC in the adult cases by utilizing mainly Mx1-cre systems [39] . In view of intrauterine of lineage tracing for hematopoiesis, prenatal LIC will be discussed here, in which a precise mouse model to initiate neoplastic hematopoiesis at a specific stage of the embryo will be required. About a decade ago, sequential development of clonal leukemic evolution from LIC was already reported by tracking unique leukemia translocation from patient's bone marrow to the prenatal stage (cord blood) [40, 41] . This type of leukemia harboring ETV6-Runx1 is common in childhood B-precursor leukemia and less aggressive, allowing us to observe a pre-leukemic phase. Indeed, ETV6-Runx1 positive B-progenitors (LICs) were present in cord blood, known to be required for leukemia initiation, but insufficient for progressing to overt leukemia by itself [42] . This is a clear evidence of the LIC in the prenatal hematopoiesis, but it is still unknown whether the LICs found at a prenatal period are derived from HSCs or HSC-independent lymphoid progenitors. Similarly, transient abnormal myelopoiesis (TAM) is a common perinatal condition in Down's syndrome and known to be proceeding to myeloid leukemia in a part of TAM patients. As myeloid progenitors with GATA1 mutation is identified as LIC [43, 44] , the origin of TAM initiating cells has been unknown. Recently, Tarnawski et al. reported a well-depicted mouse model resembling clinical phenotype of juvenile myelomonocytic leukemia (JMML) [45] , a unique disease that shows clonal myeloid proliferation with involvement of cytokine receptor/Ras signaling in the young child. They created two mouse models in regards to major responsible genes, Ras and Ptpn11, respectively. In the first model, Kras mutant clone is initiated at Flt3 positive MPP in the fetal liver and the mutant mice display a remarkable abdominal distention within 3 weeks postnatally due to hepato-splenomegaly, which resembles clinical phenotype of JMML [45] . On the other hand, with a combination of ras and major hematopoietic cre-driver, Vavcre/Mx1-cre, it has been difficult to recapitulate the similar phenotype to human patients due to embryonic lethality [46, 47] . Although another model was also reported by the same group with Flt3-cre and mutant Ptpn11, its phenotype was very indolent compared to ras-based model [48] . Those results suggest that Flt3 + MPP in the FL is the LIC of JMML and the combination of appropriate strength of oncogenic driver in the proper cell stage will be required for disease initiation.
Overall, since the development of lineage tracing study in a targeted spatiotemporal manner, the more detailed characterization of LIC will be achieved to visualize the consequence of LIC to clonal evolution in the non-transplant native mouse model with prospective fashion.
Conclusion
In this paper, lineage tracing studies in the studies of the origin of HSCs, native HSC-derived hematopoiesis in the adult, and the LIC have been discussed. Combination of lineage tracing assays and clonal assays (such as barcoding) in vivo will enable us to understand the kinetics of various hematopoietic lineages emerging during the ontogeny.
